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CALCULATION OF EXPLOSIVE ROCK BREAKAGE:

OIL SHALE

J. N. Johnson, Los Alamos Scientific Laboratory

ABSTRACT

Improved efficier v in explosive rock breakage
becomes increasingly important as mining costs and
the need to tar underground resources continue to
grow. Industry has recognized this need for many
vears and has done a great deal in developing new
products and new blasting techniques, generally by
purely empirical means. One particular application
that has received added attentior within the past
several vears, anc one that lends itself to a more
objective theoretical study, is explosive fracture
of oil shale for conventional and in e<tu fossil
energy recovery. o

Numerical calculatien of oil shale fracturiza-
tion with commercial explosives has the potential
tc add to an objective understanding of the break-
age process, Often, in such numerical studies,
only one or two parts of the total problem are ad-
dressed with any degree of sophistication or com-
pleteness. Here an attempt is made to treat the
entire problem, i.e., explosive characterization,
constitutive vehavior of intact rock, and a mathe-
matical description of rock fracture. The final
results are two-dimensional calculations of explo-
sively induced fracture damage in oil shale.

INTRODUCTION

A subject of current national interest is ens
ergy and mineral resource recovery, and an impor-
tant part of this subject i{s controlled rock blast-
ing with commercial explosives. Explosive rock
blasting has been sgudied empirically by a number
of 1nvestigators.1' Generally, these studies con-
sist of developing empirical relationships between
rock blasting efficiency and detonation velocity,
energy release, expansion work, etc. The reason
for such an approach is that detailed consideration
of actual explosive performance, coupled with high-,

_intermediste-, and low-strain-rate fracture mechan-
ics to predict actual removal of rock from a blast-
ing face, is an extremely difficult problem. How~
ever, as our predictive capabilities in dynamic
rock fracture coutinue to improve, it becomes

References ond illustrations at end of paper.

possible to perform useful numerical calculations
of evwplosively induced rock breakage, provided that
a datea base and the corresponding mathematical
models are established for the following three as-
pects of the problem: (1) performance properties of
commercial expiosives, (2) constitutive prorerties
of intact rock, and (3) the failure surface and
post-failure constitutive properties of fractured
rock.

In this paper an attempt is m:de to address
all three aspects of the problem. txperimental anc
theoretical results are given on the performance
properties of one of the most widely used commer-
cial explosives, ANFO (Ammonium §itrate/£uel 011l
mixture), in cylindrical geometry at 10 cm, 20 cr,
and €30 cm diameter. This is followed by a summary
of the mechanical properties of intact oil shale as
functions of initial density or, equivalently, kerc-
gen content. The stress states for which failure oc-
curs and the post-fajlure properties of fractured
rock are defined in terms of a yield surface and a
single scalar parameter D, termed the "damage,"
which goes from 0 for intact rock to 1 for fully
frartured rock. Finally, two-dimensional finite-
di. :vence calculations based on these data and
models are performed for expleosive fracture of oil
shale in cylindrical (cratering) and planar (bench
blasting) geometries,

The underlying goal of this work is to develop
improved descriptions of explosive rock breakare
based on first principles, or as near to first
principles as is currently practical.

NONIDEAl. EXPLUSIVE CHARACTERIZATION

Many explosives systems have been studied ex-
tensively and their bdehavior is extremely well un-
dergtood. However, when explosive performance
v.osely follows theoretical behavior (we sayv the
explusive tehaves ideally), economic considerations
often limit applicability because of the cost of
the grest quantities of explosive needed on a com-
merci~’' scale. On the _ther hand, commercially
available explosives are inexpensive but usually do
not behave according to steadv-state theoretical



predictions based on equilibriuz thermodynacics of
the expected detonatior products (such exgzlcsives
exhibit nonideal behavior). Therefore, for non-
ideal commercial explosive systems, extensive weac-
urenent of several performance psrameters are nec~
essary to assess correctly the actual behavior and
departure frox idea) conditions. Because the per-~
formance of commercial explosives is geometry and
confinement dependent, it is impcrtant to test them
under conditions that closely approximate actual
field applications.

Experipental and theoretical resultr are pre-
sented here for the characterization of ANFO (Am-
moniur Nitrate/Fuel Oil, approximately 94 wt%/6€ wt¥)
at a nominal density of 0.9 g/cmd in cvlindrical
geometry with Plexiglas and clay confinement. This
work (explosive charscterization) is described in
detail in Ref. 6.

Preliminary rate-stick experiments (confined
cylindrical gpecimens in which detonation velocity
along the cvlinder axir ir measured) show that ANFO
does not undergo high~order detonation for diame=-
ters lese than ~ 7.5 ¢x with Plexiglas confine-
ment.® The measured detonation velocity for a 10-
cn-diameter specimen with Plexiglas confinement was
3.5 km/s. The 10-cm-diameter test detonated high
order as dete mined by ionizstion pip mweasurements.

Rate-stick experimeits give detonation veleoc-
ity as vell ae informationon the effects of confine-
ment and charge diameter, but they do not provide a
quantitative understanding of the physical and chemi-
cal phenomena occurrir, behind the detonation front.
Therefore, the water-cank experiment was developed to
measure sinultanerusly detonation velocityand pres-
sure, confinerer: effects, and the release isentrope
from the Chayman-Jouguet (C-J) state, Figurel shows
8 schematic diagram of the experimental setup for the
HE/water-tank experiments. A confined cylinder of
explosive is detonated from one end in water.

The dJata consist of measured radial positions
of the confinement tube and the water shock as
functions of position behind the detonation front
photographed with an image-intensifier camera
(12¢).7 Two-dimensional hydrodynamic calculations
of the aquarium shots are then performed and com-
pared with experimental dita, giving considerable
information on the actual explosive performance.
This method is similar to that used in performance
studies of other nonideal explosive |y-t¢mu.3'

The experimental 12C record for shot C-4632, a
100~cm-diameter cylinder of ANFO with Plexiglas
confinement, is shown in Fig. 2.

For shots C-4632 (10-cm-diameter ANFO with
Plexiglas cunfinement) and C-4652 (10-cwm-dismeter
ANFO vith clay-pipe confinement), the detonation
velocities are almost identical: 3.48 km/e and
3.47 im/», respectively. This indicates that de-
tails of the type of confinement are not important
in this configuration, as long as the sound speed
in the corfining medium is less than the detonation
vealocity. 1In fact, it is concluded that the con-
finement provided by both the Plexiglas/water and
clay/vater systems is equivalent to an infinite
medium with mechanical properties reprasentative of
typical rocks. It is aleo noted that the measured
detonation velocity is somevhat less than the value

Unreocted
Woter Explosive
‘t>
. Confining
Dstonation l Cylinder

Detonation Products

Fig. 1. Positions of bubble and shock fronts
resulting from a detonation wave of
velocity D propagating down an explosive
cvlinder jmmersed in a transparent
confining fluid.

Fig. 2. Shot C-4632; 10-cm-diametar ANFQ
cylinder with Plexiglas confinement.
Three 12C exposures.

.



of 3.9 kn/s peasured by Helr et a1.9 for a 10-cm
diameter charge.

Based on ideal performance calcul~tionc using
the theoretical explosive chemissry crde BKw,l4
the detonation velocity for ANTO should be 5.44
kz/s wit a detonarion pressure of 7,3 GPa, if
the reactiorn were coxmplete, (Comparison with the
measured detonat.on speed shows that conditions are
far from ldeal. When we go to & 20-cm-diameter
cylinder with clav-pipe confinement (shot C-46.%),
the detonatior velocity increases to 4.12 ks,
Conditione are tending toward ideal, but still have
a subssantial way to go. Measurements made by Helr
et al.” shov that detonation veloncities in ANFC are
also well below ideal conditions for charge diame-
ters of 5.1 em, 10.2 cm, and 29.2 cmw. 1Ir fact,
field data® on a 550-cm charge of ANTO give a deto-
nation velocity of only 4.7 kr/s. HRence, even for
extremely large charges, the detonation velocity
remains consideratly below the value predicted by
the BKW code under the assumption of complete re-
action, Persson.15 however, reports detonat!on ve-
locities in ANFO very close to the theoretical
value of 5.44 km/s for 26.8-cr charges -onfined in
rock.

Therefore, we conclude that the detoration ve-
locity data obtained on 10- and 20-cm-diameter ANFO
charges are consistent with existing data, and that
reactions in these geometries are nonideal. 1In ad-
dition, water-tank data can be used to quantify
these effects.

To describe the observed explosive properties
of ANFO, it is assumed that some fraction of the
candidate reactants do not participate in the chem-
ical reactiin at the detonation front. A theoreti-
cal (BKW)14 detonation speed of 3.5 km/s is ob-
tained 1f it is assumed that 55% of the ammonium
nitrate remains ipert at the detonation front.

This agrees with measured velocity for the 10-cm-
diameter ANFQ water-tank test, and gives a C-J
pressure of 24 kbar.

Based on the explc equation of state for
55%-inert ANFO, a finite-cifference calculation of
shot €-4632 is performed with the two-dimensional
Lagrangian code 2DL.16 A comparison of the theo-
retical and experimental results is shown in Fig. 3,
where it is seen that both the measured shock-wave
and Plexiglas/water interface positions are in poor
agreement with the calculation.

Several additional BKW calculations were then
performed to determine the release isentrope from
the 2.4-GPa C~-J point under the assumption that the
AN continues to react. Based on the assumption
that all of the remaining (55%) A% is reacted by
the time the pressure has dropped to 10 kbar behind
the detonation wave, a new release isentrope is
calculated and used in a second calculation of
water-tank shot C-4632. Figure 4 shows the results.
Note that both the shock and interface positions
are iu tetter agreement with the experimental date..
These results are not sensitive to the precise way
in which the remaining AN is assumed to undergo re-
action.

The conclusion is that 557 of the ammonium ni-
trate remains inert at the detonation front in a
10-cm-diameter ANFO cvlinder, but reacts shortly
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after the passage of the Aetonation wave (i.e.,
within a few microseconds).

Water-tank experiments on 20-ce-diameter ANFO
ecylinders in 2.2-cm-thick clay pipe yield detona-
tion velocities of 4.1 kn/e corresponding to 387 of
the ammoniur nitrate remaining inert at the detona-
tion front. Comparison of two-dimensioanal finite~
difference calculations with measured shock and
clayv-pipe/water interface positions indicate that
complete reaction 1s again achieved withir a few
micrageconds after the passage of the detonation
vave.

Chapnan-Jouguet states and release adiabats
for 10-ce, 20-ce, and > "30-cm-diameter ANFC
charges are shown in Fig. 5. Theseé pressure-volume
states give the correct detonation speed as 8 func-
tion of diameter, and accurately simulate other
features of the wvater-tank experiments. The sudden
change ir slope for the 10-cm and 20-cm-diameter
cases (dashed and dotted lines) corresponds to com-
pletion of the ammonium nitrate reaction behind the

10 1

RELEASE ADIABATS

Pressure , GPo

Specitic Volume, cmd/g

Fig. 5. Calculated C-J atates and release adiabats
for cylindrical ANFO charges of various

diamaeters.
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detonatior. front. 1In all cases (10-, 20~, and >
"30-cr diareters) the total energv released is the
same. Alsc shown in Fig. 5 is the calculated re-
lease adisbat for the 10-cuz-diarmeter ANFC cylinder
assuzing that the unreacted (55%) amroniuyr nitrate
retains inert behind the detonatior front. 1n this
case the total energy relessed it much less and ac-
counts for the large difference between the calcu-~
lations in Figs. 3 and 4.

. In the rock breakage calcylarions descrihed
hege, separate loparithmic fite are made tc the
complete thermodynaric equation of state fer ANFO
at 10-cm, 20-cz, anc larger (> ~30-¢r) dia=eters,
as discussed in Ref. 16. These equations of state
are then used ir the two-dirensional fracture cal-
culations presented in this paper.

CONSTITUTIVE PROPERTIES OF INTACT AND FRACTURED OIL
SHALE

The properties considered here are (1) elastic
moduli, (2) high-pressure Hugoniot response,
(3) the failure surface for intact rock, and (&)
loss of strength in partially and fully fractured
rock. All properties are correlated with initial
density or, equivalently, kercgen content. Only
those data pertaining to oll shale obtained from
the Anvil Point Mine near Rifle, Colorado, are in-
cluded ir development zf the material constitutive
description. Consequently, the data presented here
are not intended tc be a cormplete summarv of all
availatle informaticn on the mechanical properties
of oil shale.

Experimental! cdata have been collected from
various sources for determination of mecharnical
properties of Anvil Point oil shale of approximate-
ly 1.4 g/emd (>80 gal/ton kerogen content) tc 2.5
g/em3 (110 gal/ton kerogen ctontent). Ultrasonic
data at zero confining pressure give averape iso-
tropic shear (V) and longitudinal (C3)) moduli as
functions of initial density according to the fal-
lowirg relationships:

opl1.45 + 0.59(pp = 1.4)]%
(for 1.4 < ¢ < 2,0 glemd)

W(GPa) = )
2ol1.80 + 2.63(ny - 2.0012
(for 2.0 < pg < 2.5 g/cmd)
0g[2.80 + 0.5(pg - 1.601%
3
¢, (cPay =] (for 1.4 < pg < 2.0 g/en) )

bol3.1 + 4.1(cp - 2.001%
(for 2.0 < pg < 2.5 g/emd)

These equations are obtained by simple numer-
ical averoging of two shesr wave velocities, V; (1)
and Vg (1), and three longitudinal wave velocitifg.
vy (1), V4 (1), and V5 (45°), obtained hy Olinger.
The deperdence of ultrasonic wave speeds or propa-
gation direction and polarization is a consequence
of elastic animotropy. Here Vy (ll), Va(l), and
Vg (45°) are longitudinal wave speeds parallel,
perpendicular, and 45° to the bedding planes, while
Vy (1) and Vg (Il) are shear wave velocities per-
pendicular and parallel to the bedding planes. with
the polarization of Vg (I') also parallel to the
bedding planes. 1In the calculations presented here



elastic snisctropv is ignored because anisotroric
effects tend to become less promounced at higher
pressures (i.e., those encountered in explosive
loading) and because we dc not yet have a very com-
plete picture of anisotropic effects on fracture.

Bigh-pressure shock-wave experimentsl9 show
that the shock velocisy U and particle velocity u
behind the shock front are related linearly accord-
ing to
Us )
wvhere cg = [(C}y - Au/3)100]1/2 is the low-prescure
bulk sound speed from Eqs. (1) and (2), and s & 1.5
independent of initial densitvy. Equation (3) de-
fines the nonlinear pressure/volume behavior of oil
shale at higk pressure., This gives the following
pressure /volume relationship for the Hugoriot curve:

+8u (3)

n
P = poedl1 - V/VQ1/11 = [l - V/vg])? )
Thermal properties affect the shock compreesior of
oil shale only slightlv but they are includecd in
the calculations. The values of specific heat ¢,
linear coefficient of thermal expansion a, and the
Grineisen constant I'g are assumed to be independent
of initial density and to be given by

cy = 0.3 cal/g ,
a=05x10"% ,
ro-l.‘o .

The remaining properties that mus:t be defined
are those related to shear failure. The vieléd
strength of Anvil Point oil shale has beer deter-
mined as a function of mean stress and initial
sarple density to bel0

Y =Y, 4 LY(1 - e3Py

0 (5)

vhere Y is the vield strength and p is the mean

stress. For general three-dimensional loading
states,
Y= JZB?Z)SUsij ,

where the 814 are components of the stress deviator
and a repeated index implies summation.

Equation (5) gives & good fit to the failure
surface over the range of initial densities o. 2.0
g/cm3 to 2.25 g/cmd as shown iu Fig. 6. The param
aters Yp, AY, and a depend on initial density ac-
cording to Fig. 7. Also presented in Fig. 7 is the
approximate value of p* (the pressure at which the
transition from brittle to ductile inelastic defor-
mation occurs) as determined from the results of
ReardZ] and Simonson et al. Heard fiods p* at
the brittle-ductile transition in 2.19- and 2.28-
g/cn3 o011 ghale to be approximately 0.1 gnd 0.5
GPa, respectively. Triaxial tests by Simonson et
al. indicate a somevhat lover value for p* in the
2.25-g/cpd materisl. Generally, determination of
upambiguous values of p* ag a function of density is
difficult in terws of the present data, and the
straight line gshown in Fig. 7 1is means as only a
very gross approximation. For example, the value
of p* = 0.1 GPa in 2.0-g/cmd o1l should be thought
of only as an upper limit. Laboratory measurements
to determine the value of p* as a function of mate-
rial density more precisely wonld be very useful,
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To represent explosive fracture and material
comninution of oil shale, a variable D, called the
"damage" is introduced. A value of D = 0 repre-
sents intact vock and a value of D = 1 represents
fully fractured rock. Once a material elemer: has
accunulated some damage, the shear strenmgth is as-
sumed to be degradec according to

Y=Y [1-DQ-p/p")"1 4070 -*P) , p<p*
0 6

Yoy 4 AY(1-e"%P) | > p*

vhich reduces te Eq. (5) when D = 0 (intact rock)
and gives Y = 0 for p = O wnen D = 1 (fully frac-
tured rock) as shown in Fig. 8. The exponent n 1s
found to be approximately equal to 2 from consider-
ation of the frictional properties of jointed oil
shale.

Y

11
P.Y l_,ou;ﬂ\e

: e
as o Y o(p,D)
e

L ) .

Fig. 8. Faiiure surfaces for intact (solid line)
and fully fractured (dashed line) oil
shale. Above pressure p* the two surfaces
are identical.

From Eq. (6), a physical interpretation of the
damage variable D is suggested. Under conditions
of zero mean stress the fuilure strengths for in-
tact and damaged rock are Yg and Y, respectively.
From Eq. (6) it is found that

0
D=5 . M

Thus 0 can be thought of as the fractional loss of
streng.h of a sufficiently large sample containing
a fully representative distribution of crack sizes.

The damage accumulation rate is related to the
amoynt of inelastic deformation that takes place
belov the pressure p*. Thims is calculsted in terms
of a rate-dependent plasticity model.

Plasticity theory is often used vith a non-
associated flow rule in which the potential fune-
tion f(044) gives the plastic strain-rata com-
ponents lccordins to

P oo 2f
¢ "aa” ' ®

vhere § 1s a positive scalar quan:tity either deter-
nined by the condition that the stress state remsin

on the failure surface in a rate-dependent theory,
or specifying th. rate of relaxat.orn to the static
failure envelope in a rate~dependent theory.

Plastic strain ratws are caiculated according
to the following potential funct.on.

afe, ) =Y+ p-ppl-120, pep,

1)
(cij

2 9)
YeY¥i-1 , pPp, .

Rere p. 15 & positive pressure, or mean stress,
above which little or mo dilatart volume strain oc-
curs under triaxial loading conditions. A value of
Pc = 0.1 GPa (or 1 kbar) is used thzoughout for oil
shale. Equations (B) and (9) give the following
expressions for the plastic strain-rate components.

P ool -
ej i3 - ey, +36,] 4 v en,

1j - 3As 1 P> Pe -

(10)

It was mentionec above that p, rerresents the
pressure above which there is no dilatant volume
strain, and this condition is represented exactly
by Eq. (10); that is,

t:b = 0 for p» Pe:
Experimentally, Schulerl” has shown that this con-
dition is not always the case for oil shale and
that the magnitude of the departure fror this con-
dition depends on the kerogen content or iritial
density. Therefore, the flow rule, Eq. (10), is
modified to account for this experimental fact.

In trisxial compression tests of oil shale,
the ratio of transverse to longizudinal strain in-
crements is nearlv constant, independent of pres-
sure. Therefore, i1f the elastic, or recoveratle,
part of the strain is small,

-E':/EE . (%) (11}

vhere € is & function of the kerogen content k.
For example, 6 ~ 1 for 20-gal/ton shale and = 1 0.5
for 80-gal/ton shale. From Eq. (11) we find that

ep 1-20-.p
e 1+e ¥V a2

vhere YP = cp - EP is the pl stic shear deformation
rate. From Bq. ( 0), YP w 3AY. Therefore, for

0 > 0.5 there is a nonzero contribution to the in-
elastic volume strain rate, and this terz is addec
to the plastic strain-rate components of Eq. (10)
to give (volumetric, cf| deviatoric, egj)

P 3(1 - 26}
e iz(p-p)-l-—z-l—_,—e Y] » P <P

. 3a - 20)
Q<+ Y , p? P (13)
;:j - Ji'ij » for all p.

The equation of state, or constitutive rela-
tion, for oil shale used in the two-dimensional La-
grangian calculations of explosive loading is then



given in terms of the hydrostatic pressure rate p
lccordins to

and deviatoric stress rate i

;.a - poco(l - liv)-

1]

£, = zu(e -3")-::1:I

13 13

- L] - .P L]
(1+-cv rol:v)(l:v cv)+por01 »

14)
(15)

vhere €, and e;4 are the total volumetric and de-
vintoric strain components.
initial density, cp is the zero-pressure bulk sound
speed, o is the straight-line slope relating shock
velocity to particle velocity, I'g is the Gruneisen
plrlneter. 1 is the specific internal energv. In

(15) v is the shear modulus, and tj; corrects
iij for the rotation rate of the Lngranginn coor-
dinate systex as defined previously.l®

In Eg.

(14) o 15 the

Tc represent rate-dependent material behavior,

the term i

is written as

f = b2s

(16)

where b (units of stress-2 time-1l) 1s a constant
and AS is a scalar quantity specifying the depar-
ture of the stress state from the static failure
For p 2 p. ve have chosen AS = Y' -
g(p',D) and for p < p. the quan:ity AS is deter-
mined by the straight-line distance (in stress
space) from point p’',Y' to point A shown inFig. 8.

envelope.

The rate at vhich damage accumulates depends
on the rate of inelastic deformatiorn below the
brittle/ductile point defined by the mear strees
p*. For mean stresses greater than p*, oil shale
deforzs in a ductile manner without fracturing and

loss of strenmgth.

It might also be expected that

the damage accumulation ratc decreases as D ap-

“proaches

1. That is, it is

hLarder

to create addi-

tional dariage in an already fractured rock than it
is in an intact, or nearly intact, specimen.

A mathematical expression for D that contains
these ideas is given by

Pl -0y - piph
D=0 , forp?p*

for p < p*
(17)

Here £ {r a scalar quantity (with units of stress)
to be determined by comparison of finite-differ-

ance calculations with field and laboratory ~~vvari-

ments.

FINI1E-DIFFERENCE CALCULATIONS

Numerical calculations of explosive rock
breakage are performed with the two-dimensional
finite-difference code 2DL.16 This code gives a
solution to the coupled set of partial differen-
tial equations of mass, mcmentum, and energy con-
Gervation combined with the explosive equation of
ctate and material constitutive description pre-
sented in the previous section.

In all calculations shown here the -. shale

density is taken to be 2.25 g/cm3, corresponding to

a kerogen content of approximately 20 gal/ton.l7
The thermoelastic and failure surfac: parameters
are tken found to be, from the previous section:

']
1

= 13.6 GPa
= 38.3 GPa

€g = 0.30 co/us
s=1.5

o= 1.4

ey = 0.3 callg

Yo = 0.07 GPa

AY = 0.45 GPa
a = 3 Gpa~l

The only unknouT ma:erial parameters are t in Eg.
(16) and £, the damage sccumulatior rate comstant
in Eq. (17). A value of b = 0.1 GPa~2 is choser to
give the largest allowable rate of relaxation to

Y = g(p,D) such that the numerical sclutior remains
statle and, therefore, closely represents rate-
dependent material response.

The first calculation sizulates a cratering ex-
periment conductecd in the fioor of ths Ccleny Mine
near Rifle, Colorado.24 Herea 10-8-cm~diameter ANFD
charge (65-cr long) was placed 12°cm below the free
surface (to the top of the charge) and detcnated frer
the bottoz=. The charge hole was stemred with crushec
oil shale. The calculated damage patterr at t=1.14
ms (with £ =50 Gra and p*=0.1 GPs) is showr in Fip.9
in relaticnship tc the observed crater. This value
of p*ie less than given by the graph in Fig. 7 be-
cause the average kercgen content of this materiasl was
thought to be somewhat richer then 20gal/ton. A high-
1y rubblized zone (I > 0.7) of broken rock occurs
next tc the free surfare directly above the exzlosive
charge, with modest (0.3 € D < 0.7) and lovw (C.1 <
D < 0.3) level damage extending to greater dep:h a-
rouné thc borehcle. These observatione give & guali-
tative representation of the fragment sjze distribu-
tien in the rubtle pile.

It 1z seen that the theory predicts ar unbreoken
region in the immediate vicinity of the borehcle. Be-
cause of the wery high confining pressures in thisre-
gior (>0.1 GPa) the inelastic deformatior was éuc-
tile. The final hole diameter is calculated tobel7.€

: Pree Surface
250

RJ ’7
i -
F P 4
. ,’ Observed crater
. (Pressure contours
D.05 GPa interval)
(]
- 125 .
~N
* P<c.1
0.1 <P < Q.3
0.3 <D< 0.7 !%
0.7¢< 9 ||E
o |
125 250
R (cm)

Fig. 9. Calculated damage pattern for l0-cm-diameter
ANFO charge in oil shale.



ce. The measured final diameter (>2C em) was diffi-
cult to detercine because of flaking of the wall, indi-
cating that some degree of rubblizatiorn may have
occurred near the cevity.

The damage pattern of Fig. 9 shows only the
very early breakage due to the first passage (and
reflection frouw the free surface) of the explo-
sively generated shock wave. At t = 1.14 ms there
remains a pressire of 0.4 GPs (W60 ksi) ir the
borehole and this would be expected to drive s
large conical-shaped crack to the surface. Con-
sideration of hov a large scale crack propagates to
the surface is the subject of current Zmvestigaticn.

The second set of calculations has to do with
bench blasting in planar geometry. A lb-ca-thick
ANFO slat (l-z long) is placed 60 cu from a free
corner as shown in Fig. 10A. The performance prop-
erties of ANFO are interpolated fror data on the
10-cr- ard 20-cm-diameter wazer-tank tests. Here
the parameters £ and p* are taken to be 10 GPa and
0.5 GPa, respectively. The key to the shaded re-
gions 1s the same as for Fig. 9.

In blasting to a frec volume (Fig. 10A) highly
fractured regions are produced near the free sur-
faces, both directly below and to the right of the
explosive charge. In addition, a highly fractured
region 15 produced betweer the upper right cernmer
of the explosive and the free corner, thus in-
dicating that a clear break should be produced
froo the top of the explosive charge to the free
corer.

400

P e —
L//OJL SHALE (Po = 2,25 e/em?)

200t
FREE
SURFACE

7 (cm)

X (cm)
Fig. 10.

A second case was studied in which rubbtlized
oil shale (ZC' pcrous, with corresponding re<fuz-
tion in wocLli) was pla.ed in the regicr. 60 cr to
the right of the planar charge: Fig. 10BE. The
effect of dense rubtlized rock was te intikit
intensive breakage to the right of the charge, but
not to change substantially the damage pattern
extending frox the top of the charge tc the
corner. These interpretations are dependent orn
the correct assigrment of paraceters { and p*,
therefore should nct be considered firr er *thc
basis of existing data. Also, for actuel field
aprlications, a row of cvlindrical explosive
charges is generally used instead of the ideal
planar charge. Proper simulation ef distributed
cylindrical charges is alsc necessary befecre such
planar calculations can be considerec represer:a-
tive.

and

SUMMARY

Successful calculatior of explosive rock
breakage requires knovledge of comserciai explosive
performance and material constitutive properties of
intact and fractured rock. The nonideal perfcrm-
ance properties of ANFO are presented here ac a
function of charge diameter and are used ir calcu-
lations of field experiments. A surzary of rock
properties ie presented for Anvil Point oil shale
as functions of density or, alternatively, kerogen
co.itent. These data are then combinec with & con-
t'nuur. model of rock fracture, ard geveral twe-
dimensional tinite-difference calculaticns are per-
formed for crater ancd bench blasting geometries.

400

200

: - T
X (c™M)

400

Calculated damgge patterns for 1S-cm-thick

planar ANFO charge 60 cm from (A) free
corner, (B) B0Y dense rubble.



These calculations shov the esxpected spatial
location of the fracture damage producec on the
single (or direct and reflected) passage of the
stress vave vhich comer fror the explosive source.
The calculation alsc gives the equilibrjur preesure
in the borehole on the order of s millisecond after
explosive _aitiation. Wha: is presentlv lacking in
such a calculation is a descriptior of howv this re-
sidual pressure (v 0.4-0.5 GPa, or 60-75 ksi)
drives large-scale cracks to a nearby free surface.

If we think of explcsive rock fragmertation as
the two separste and distinct processes of (i) rub-
blization anéd fragrentation on the first passage
(direc. and reflected) of the initial shock wave,
and (ii) large-scale crack propagatior to a frae
surface, then additional caiculations can perhaps
be performed to follow the propagation of individ-
ual cracks perpendicular to the late-time (>1 ms)
minipur principal (tensile) stress. The initial
concditions for such calculations would be obtained
fror damage calculations, such as showr in Figs. §
and 10, after approximately 1 ..6. Thege effects
are presently being investigated.
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